Discrimination between Protonation Isomers of Quinazoline by Ion Mobility and UV-Photodissociation Action Spectroscopy by Marlton, Samuel et al.
University of Wollongong 
Research Online 
Faculty of Science, Medicine and Health - 
Papers: Part B Faculty of Science, Medicine and Health 
1-1-2020 
Discrimination between Protonation Isomers of Quinazoline by Ion Mobility 
and UV-Photodissociation Action Spectroscopy 
Samuel Marlton 
University of Wollongong, sjpm073@uowmail.edu.au 
Benjamin McKinnon 
University of Wollongong, bm125@uowmail.edu.au 
Boris Ucur 




See next page for additional authors 
Follow this and additional works at: https://ro.uow.edu.au/smhpapers1 
Publication Details Citation 
Marlton, S., McKinnon, B., Ucur, B., Bezzina, J., Blanksby, S., & Trevitt, A. J. (2020). Discrimination between 
Protonation Isomers of Quinazoline by Ion Mobility and UV-Photodissociation Action Spectroscopy. 
Faculty of Science, Medicine and Health - Papers: Part B. Retrieved from https://ro.uow.edu.au/
smhpapers1/1356 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
Discrimination between Protonation Isomers of Quinazoline by Ion Mobility and 
UV-Photodissociation Action Spectroscopy 
Abstract 
The influence of oriented electric fields on chemical reactivity and photochemistry is an area of increasing 
interest. Within a molecule, different protonation sites offer the opportunity to control the location of 
charge and thus orientation of electric fields. New techniques are thus needed to discriminate between 
protonation isomers in order to understand this effect. This investigation reports the UV-
photodissociation action spectroscopy of two protonation isomers (protomers) of 1,3-diazanaphthalene 
(quinazoline) arising from protonation of a nitrogen at either the 1- or 3-position. It is shown that these 
protomers are separable by field-asymmetric ion mobility spectrometry (FAIMS) with confirmation 
provided by UV-photodissociation (PD) action spectroscopy. Vibronic features in the UVPD action spectra 
and computational input allow assignment of the origin transitions to the S1 and S5 states of both 
protomers. These experiments also provide vital benchmarks for protomer-specific calculations and 
examination of isomer-resolved reaction kinetics and thermodynamics. 
Publication Details 
Marlton, S., McKinnon, B., Ucur, B., Bezzina, J., Blanksby, S. & Trevitt, A. (2020). Discrimination between 
Protonation Isomers of Quinazoline by Ion Mobility and UV-Photodissociation Action Spectroscopy. The 
journal of physical chemistry letters, 11 (10), 4226-4231. 
Authors 
Samuel Marlton, Benjamin McKinnon, Boris Ucur, James Bezzina, Stephen Blanksby, and Adam J. Trevitt 
This journal article is available at Research Online: https://ro.uow.edu.au/smhpapers1/1356 
 1 
 
Discrimination between protonation isomers of quinazoline by ion 
mobility and UV-photodissociation action spectroscopy 
Samuel J. P. Marlton†, Benjamin I. McKinnon†, Boris Ucur†, James P. Bezzina†, 
Stephen J. Blanksby‡, Adam J. Trevitt*† 
 
† Molecular Horizons and School of Chemistry and Molecular Bioscience, University of Wollongong, Wollongong, 
New South Wales 2522, Australia 
 
‡ Central Analytical Research Facility, Institute for Future Environments, Queensland University of Technology, 













The influence of oriented electric fields on chemical reactivity and photochemistry is an area of 
increasing interest. Within a molecule, different protonation sites offer the opportunity to control the 
location of charge and thus orientation of electric fields. New techniques are thus needed to 
discriminate between protonation isomers in order to understand this effect. This investigation reports 
the UV-photodissociation action spectroscopy of two protonation isomers (protomers) of 1,3-
diazanaphthalene (quinazoline) arising from protonation of a nitrogen at either the 1- or 3-position. 
It is shown that these protomers are separable by field-asymmetric ion mobility spectrometry (FAIMS) 
with confirmation provided by UV-photodissociation (PD) action spectroscopy. Vibronic features in 
the UVPD action spectra and computational input allow assignment of the origin transitions to the S1 
and S5 states of both protomers. These experiments also provide vital benchmarks for protomer-


























There is expanding interest in the role oriented electric fields can play in influencing chemical 
reactivity and photochemistry.1-6 The application of such fields can be achieved by an external source 
or by positioning charge on (or near) a molecule. One of the fundamental chemical agents bearing 
charge is the proton. In mass spectrometry, it is well known that electrospray ionization of 
biologically relevant molecules can protonate molecules at various sites. This is exploited in H+ 
driven fragmentation, where multiple protonation isomers give rise to a spread of product ions that 
facilitate structural elucidation.7  From both analytical and fundamental perspectives, there are 
prevailing questions about the underlying mechanisms of electrospray ionization requiring new 
experimental strategies capable of separating, assigning and selecting protonation isomers (termed 
protomers) for detailed study. 
 
Combined laser photodissociation and mass spectrometry, in the form of infrared multiphoton 
dissociation (IRMPD)8-12 or UV-Vis photodissociation (PD) action spectroscopy13-20 has allowed the  
detection and assignment of protomers.  Variations in protonation site has been shown to affect non-
radiative excited-state lifetimes,17, 18, 21 photo-isomerisation perpensities,22 photofragment 
distributions,13, 20, 23 as well as spectroscopic profiles.13, 16, 19, 20, 23. In most of these studies, the 
protomer ion populations are co-located and their spectroscopy is sufficiently different to allow 
identification. 
 
Field-asymmetric waveform ion mobility spectrometry (FAIMS)24-27  has been successfully deployed 
to separate protomer ions for subsequent analysis.28-31  Several groups have coupled FAIMS with UV 
PD32-34 or IRMPD35, 36 for isomer analysis (not necessarily protomers). More recently, our group has 
combined FAIMS and UV laser spectroscopy to separate and assign the two dominant gas-phase 
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protomers of the small-molecule ion nicotineH+.20 In the nicotine case, protomers arise from 
protonation of different function groups: pyridine and pyrrolidine. In the present study, to 
demonstrate FAIMS separation of protomers with all local chemical functional groups retained, this 
paper targets quinazoline protonated on either the 1-nitrogen (1QZH+) or the 3-nitrogen (3QZH+) 
atom. Quinazoline is a fundamental aromatic chromophore with two non-degenerate protonatable 
nitrogens, with very similar stabilities, and these systems are small enough to allow detailed treatment 
with quantum chemical calculations for assignment of vibronic spectra and, in turn, provides valuable 
benchmarking data. To our knowledge there are no reported spectra of protonated diazanaphthalenes 
in the literature, while spectra of protonated azanaphthalenes (quinoline and isoquinoline)34, 37, 38 as 
well as protonated diazines (pyrimidine, pyrazine and pyridazine)39 have been reported. 
 
 
The experimental setup combined cylindrical geometry field-asymmetric waveform ion mobility 
spectrometry (FAIMS, Thermo Fisher Scientific) with a linear ion trap mass spectrometry (LTQ XL 
Thermo Fisher Scientific) equipped with a tunable UV-VIS mid-band OPO nanosecond-pulse laser 
system (Spectra-Physics QuantaRay INDI). Ions generated by electrospray ionization (ESI) are 
carried by a flow of N2 buffer gas between two electrodes across which a time-varying asymmetric 
potential is applied, oscillating between a “high-field” voltage and a “low-field” voltage. The high-
field voltage is termed the dispersion voltage (DV). In FAIMS, ions are laterally displaced (relative 
to the flow of ions) by differences in their combined high-field and low-field mobility. By 
simultaneously applying a DC compensation voltage (CV) across the electrodes, the lateral 
displacement of ions can be altered to allow each trajectory, in turn, to be directed towards the inlet 
of the mass spectrometer.24-27 To subsequently obtain a photodissociation action spectrum, m/z 
selected ions were isolated in the ion trap and subjected to a single laser pulse (directed through the 
ion trap via a quartz window mounted on the back of the mass spectrometer vacuum housing) after 
which the ions are scanned out of the ion trap to record a product mass spectrum. Photoproduct 
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Figure 1 shows the FAIMS ionogram of singly protonated quinazoline ion (m/z 131) revealing two 
broad peaks centred at compensation voltages of -8 and -3 V. As shown in Figure 1, quinazoline can 
be protonated at either the 1-nitrogen (1QZH+) or the 3-nitrogen (3QZH+) and, as will be 
demonstrated herein, the two FAIMS separated peaks arise from these two protomers. The separation 
of the two protomers of quinazolineH+ can be rationalised by dipole moment calculations, shown in 
Figure 1B, which predict that 3QZH+ has a significantly larger dipole moment (4.7 D) compared to 
1QZH+ (2.6 D). Dipole moment is a key parameter for FAIMS separation.28, 31 Figure 1B shows the 
peak positions as a function of dispersion voltage (full ionograms are provided in Figure S1 of the 
Supporting Information). The blue trace levels off around 4400 V and is consistent with increased 
“hard-sphere” collisional interactions of type B ions,40 due to relatively minor buffer gas 
interactions.41, 42 The green trace (ending at CV -8 V) continues its trend towards negative CV values 
and is consistent with the strong buffer gas interaction of a type A ion40, 42 in this voltage range. 
Molecules with larger dipole-moments experience a greater degree of buffer-gas clustering.28 Using 
similar reasoning to Campbell et al.28 and Walker et al.31 it is expected that 1QZH+ (2.6 D) 
experiences weaker interactions with the N2 buffer gas than 3QZH
+ (4.7 D) and, as such, it is likely 
that 3QZH+ is the peak at -8 V and 1QZH+ is the peak at -3 V. Further evidence substantiating this 




   
Figure 1(A): FAIMS ionogram following the m/z 131 signal of singly protonated quinazoline. Spectra 
are acquired using DV = 5000 V. The peaks observed at -8 V and -3 V are assigned to protomers of 
QZH+. Further evidence substantiating the FAIMS protomer assignment is obtained from 
photodissociation action spectroscopy. Figure 1(B): Dispersion plot following QZH+ (m/z 131) in N2 
buffer gas. The green trace is assigned as 3QZH+ and the blue trace is assigned as 1QZH+. Errors are 



































































UVPD of QZH+ protomers leads to photoproducts at m/z 104 and m/z 77 in each case with distinctly 
different product branching ratios.  The PD product mass spectra and photoproduct branching ratios 
are provided in Section SI.2 of the Supporting Information (Figure S2) along with energy calculations 
of plausible photoproduct pathways (Figure S3). Since the photoproduct at m/z 104 is plausibly 
cyanobenzeneH+, an action spectrum of this photoproduct was also scanned and compared to an 
authentic sample (Figure S4); although the spectra are similar the match is not exact suggesting that 
other energetically accessible isomers (e.g., isocyanobenzeneH+ or linear isomers) may also 
contribute to the photoproduct ion population.  Photodissociation action spectra of QZH+ (following 
formation of a m/z 104 ion) scanning from 25000 – 45000 cm-1 (385 – 222 nm) are shown in Figure 
2 with: (A) no FAIMS selection, (B) FAIMS compensation voltage –8 V and (C) compensation 
voltage at –3 V. There are two main bands in both cases at low and high energy within this range. 
The low energy band signal is significantly magnified (as indicated) and a full PD spectrum with no 
FAIMS selection is provided in Figure S5 of the Supporting Information. The dotted vertical lines in 
Figure 2, for both the high energy and low energy bands, are to emphasise peaks in Figure 2B that 
are totally absent from the spectrum in Figure 2C. For both the highlighted bands, the first vibronic 
peak is blue-shifted in the spectrum plotted in (C) compared to (B), which indicates successful 





Figure 2: Photodissociation action spectra of QZH+ with (A): no FAIMS selection, (B): FAIMS CV 
= -8 V and (C): FAIMS CV = -3V.  
 
To consolidate the protomer assignments, the action spectra are compared to predicted vertical and 
zero-point energy corrected adiabatic (0-0) electronic transitions for the two suspected protonation 
isomers.  The calculated 0-0 and vertical transition energies, oscillator strengths and orbital 
contributions using time-dependent density-functional theory TD-DFT (CAM-B3LYP) are shown in 
Table 1 for 3QZH+ and Table 2 for 1QZH+. For images of the key molecular orbitals and their full 
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transition contributions see Figure S6 and Tables S1 and S2 in the Supporting Information. For both 
cases, calculations predict there are five singlet electronic states in the relevant photon energy range, 
with S1, S3 and S5 as the 
1* transitions and S2 and S4 as 
1n* transitions. In Platt’s notation,43 the 
S1 state of both protomers is an 
1La state, the S3 is an 
1Lb state and the S5 is an 
1Bb state (see Section 
SI.6 of the Supporting Information for full assignment details). Transitions to the 1Bb (S5) state are 
predicted to have the greatest oscillator strengths and, along with the predicted transition energy 
(44000-46000 cm-1), these are assigned as strong high-energy bands in Figure 2. The 1La transitions 
have oscillator strengths about an order-of-magnitude weaker than 1Bb transitions. Calculated 
transition dipoles for these states are provided in Figure S8, (Supporting Information). Higher level 
multistate complete-active-space second-order perturbation theory electronic energy calculations 
(MS-CASPT2) using complete active space self-consistent field (CASSCF(12,11)) geometries and 
zero-point energy corrections for both protomers are used to gain a more accurate prediction of the 
origin energy  (active space orbitals are shown in Figure S7 of Supporting Information).44 The 
experimental 0-0 transition energies are assigned to the apex of first major peak in the FAIMS-
resolved action spectra (Figure 2B and C) and are tabulated in Table 2 along with MS-CASPT2 values 
for 0-0 transition energies. The MS-CASPT2 0-0 transition energies for the 1QZH+ protomer are blue 
shifted compared to 3QZH+ for both the low and high energy bands. Comparing MS-CASPT2 to the 
experimental values in Table 2, there is good agreement.  Therefore, based on the 0-0 transition 
energies, the FAIMS peaks at CV -3 V is assigned to the 1QZH+ protomer and CV -8 V is assigned 
to 3QZH+. With these protonation-isomer specific experiments it is thus possible to benchmark 
calculations for these small electronic energy differences for protonation isomers. Furthermore, it is 
notable that the stability difference between two protomers is calculated at only 135 cm-1 (1.6 kJ/mol), 




Table 1: 3QZH+: Experimental adiabatic transition (0-0) energies , MS-CASPT2 adiabatic transition 
energies, and CAM-B3LYP adiabatic and vertical transition energies, oscillator strength, and key 
orbital contributions (> 20 %). H = HOMO, L = LUMO. Structures with imaginary frequencies are 
shown in square brackets. The * denotes states that did not converge. 
3QZH+ 
Transition 














Orbitals Involved in 
Transition 
(TD-DFT) 
S1 (1La) 26900 26650 27519/30993 0.040 L (*) ← H () 
S2 -  [30247] /36433 0.0010 L (*) ← H-2 (n) 
S3 (1Lb) - 34681 */37699 0.016 
L (*) ← H-1 () 
L+1 (*) ← H () 
S4 -  */42169 0.0016 L+1 (*) ← H-2 (n) 
S5 (1Bb) 41600 42587 [44470] /46596 0.69 
L (*) ← H-1 () 
L+1 (*) ← H () 
 
 
Table 2: 1QZH+: Experimental adiabatic transition (0-0) energies, MS-CASPT2 adiabatic transition 
energies, and CAM-B3LYP adiabatic and vertical transition energies, oscillator strength, and key 
orbital contributions (> 20 %). H = HOMO, L = LUMO. Structures with imaginary frequencies are 

















Orbitals Involved in 
Transition 
(TD-DFT) 
S1 (1La) 27600 28424 [29003] /32942 0.028 L (*) ← H () 
S2   27041/33261 0.0002 L (*) ← H-2 (n) 
S3 (1Lb)  * 35937/37598 0.078 
L (*) ← H-1 () 
L+1 (*) ← H () 
S4   [41570]/46300 0.0036 L+1 (*) ← H-2 (n) 
S5 (1Bb) 42100 43303 [44769] /47447 0.63 
L (*) ← H-1 () 
L+1 (*) ← H () 
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Figures 3A-D contain the experimental PD action spectra of the lower energy band at (A) FAIMS 
CV -8 V (assigned to 3QZH+) and (C) CV -3 V (assigned to 1QZH+), following the photoproduct 
yield of m/z 104 and m/z 77 photoproducts.  Also shown are Franck-Condon (FC) simulations for the 
transition to the 1La (S1) state of the corresponding protomer calculated using the CASSCF(12,11) 
method with a 0.90 scaling factor applied to the excited state vibrational wavenumbers, shown as 
stick spectra and simulated spectra convoluted with 220 cm-1 FWHM Lorentzian functions to aid the 
comparison. For room temperature ions, the width of peaks could be due to rotational envelopes, 
unaccounted for combination bands and lifetime broadening. PD in this low energy region appears to 




Figure 3: Photodissociation action spectra of QZH+ at CV -8 V (A and E) and -3 V (C and G) 
following the yield of m/z 104 (thick line) and m/z 77 (thin line). Franck-Condon simulations of 
vibronic transitions to the S1 (
1La) state for (B) 3QZH
+ and (D) 1QZH+ and the S5 (
1Bb) state for (F) 
3QZH+ and (H) 1QZH+ are shown as sticks and also convoluted with Lorentzian functions (FWHM 
220 cm-1 for S1 and 440 cm
-1 for S5). CASSCF(12,11) calculations are shifted to match the 




Previous studies have shown that the vibronic spectrum of neutral quinazoline is dominated by in 
plane (a’) vibrational modes45, 46 and the same situation applies here. The vibrational assignments for 
the transition with the dominant FC intensities are provided in Section SI.8 of the Supporting 
Information. CASSCF calculations involved in Franck-Condon simulations optimised to planar Cs 
geometries with all real frequencies. In contrast, CAM-B3LYP optimisations for the 1La state of 
1QZH+ lead to a geometry with an imaginary frequency which broke Cs symmetry, however, any 
effects of plane buckling appear to be too subtle to be observed experimentally here (see Section SI.9 
of Supporting Information).  Overall, there is good alignment between the features in the experimental 
spectra and the simulations. 
 
Figures 3E-H show the photodissociation action spectra of the 1Bb  
1A (S5  S0) transition using -
8 V compensation voltage (Figure 3E, assigned to 3QZH+) and -3 V compensation voltage (Figure 
3G, assigned to 1QZH+) and FC simulations are shown both as stick spectra and simulated spectra 
(convoluted with Lorentzian functions of FWHM 440 cm-1).  Compared with low energy transition 
(Figures 3A-D), these bands are around two orders of magnitude greater intensity and show only 
broad features. Relative to MS-CASPT2 0-0 transition energies, Franck-Condon simulations have 
been shifted by (B) -273 cm-1, (D) 814 cm-1, (F) 997 cm-1 and (H) 1151 cm-1 to align with 
experimental peaks. Aligning FC simulations results in good agreement between the simulations and 
the spectra consistent with all the previous assignments. 
 
In summary, these experiments show that FAIMS can separate protonation isomers and select the 
desired protomer for subsequent experimentation. In summary, these experiments show that 
combined FAIMS and UVPD can clearly separate and select protonation isomers for a case where 
the isomers differ by which aromatic nitrogen is protonated while retaining the total number of each 
type of functional group (i.e., one N-H in each structure). These protonation isomers have almost 
indistinguishable stability. In addition to providing spectroscopic details and vital benchmarks for 
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protomer-specific calculations, the ability to completely resolve these protomers opens future 
possibilities for examining ion-molecule measurements on selected protomers,28-31 e.g. measurement 
of proton affinities and protomer-specific reaction kinetics. 
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SI.1 Detailed Experimental 
SI.1.1 Materials 
Quinazoline (99% purity), methanol of HPLC grade and formic acid of LC/MS grade were 
purchased from Sigma Aldrich and used without further purification. Samples of 1 M 
quinazoline were prepared in methanol with 1% (v/v) formic acid. 
 
SI.1.2 Cylindrical FAIMS-Photodissociation Action Spectroscopy 
The field asymmetric waveform ion mobility spectrometry (FAIMS) coupled with 
photodissociation mass spectrometry equipment and methods are have been previously 
outlined in detail.1-2 FAIMS experiments coupled with mass spectrometry were performed 
using a linear ion-trap mass spectrometery (LTQ XL Thermo Fisher Scientific) with a 
cylindrical geometry FAIMS attachment positioned between an ESI source and the linear 
ion-trap mass spectrometer. The process of ion separation by FAIMS has been described 
elsewhere.3-4 Ions are carried by a flow of inert gas between two electrodes across which an 
asymmetric voltage is applied, sequentially creating a “high-field” when a high voltage is 
applied and a “low-field” when a low voltage of opposite polarity is applied. Ions are 
laterally displaced (relative to the flow of ions) by their differences in high-field and low-
field mobility. By applying a DC compensation voltage (CV) across the electrodes, the 
displacement of any ion can be selectively corrected allowing each trajectory, in turn, to be 
directed towards the inlet to the mass spectrometer for subsequent detection. Isomer 
populations resolved by the CV spectrum can then be isolated my m/z in the linear ion trap. 
 
 4 
The FAIMS carrier gas was 100% N2 at a flow rate of 3.5 L/min. Dispersion voltage was set 
to 5000 V. The outer electrode temperature was 70 C and the inner electrode temperature 
was 90 C. The ESI spray voltage was set to 4.5 kV. 
 
As described by Julian and co-workers,5 the linear ion-trap mass spectrometer has been 
coupled with a Nd:YAG (Spectra-Physics QuantaRay INDI) laser generating third harmonic 
(355 nm) light that pumps a mid-band optical parametric oscillator (OPO) (GWU-
Lasertechnik Flexiscan) with a linewidth of ~7 cm-1. Second harmonic generation (SHG) of 
the visible light OPO output allows access to 340-213 nm photons and sum frequency mixing 
(SFM) of 355 nm photons with visible light OPO output allows access to 390-300 nm 
photons. Laser powers ranged from 0.3 mJ to 1.5 mJ per laser pulse in the 340-213 nm 
(SHG) range and ranged from 1 mJ to 3 mJ per laser pulse in the 390-300 nm (SFM) range as 
recorded with a power meter (Gentec UP17P-6SW5). 
 
To obtain a photodissociation action spectrum, an ion population was selected by CV and 
guided into the ion trap. These ions were m/z selected and subjected to a single laser pulse 
directed through the ion trap via a quartz window mounted on the back of the mass 
spectrometer vacuum housing. After one laser pulse, the ions are scanned out of the ion trap 
to record a mass spectrum. The photoproduct signal is reported as photoproduct intensity 
divided by the total ion count of the mass spectrum. Photoproduct signal is recorded over a 
range of 385-333 nm at a step size of 0.4 nm, (each step an average of 270 PD mass spectra 
when -3 CV was used or 113 mass spectra for -8 CV) and 244-222 nm at a step size of 0.2 
nm (each step an average of 120 PD mass spectra) over the ranges of interest. The process of 
scanning the laser wavelength and timing with the mass spectrometry is controlled using a 
 5 
custom LABVIEW program (National Instruments) developed in-house. All action spectra 
were power normalised to the laser power spectrum. 
 
SI.1.3 Computational Details. 
Density functional theory (DFT), time dependent density functional theory (TDDFT) 
employing the CAM-B3LYP method,6 MP2,7-11 and EOM-CCSD12-15 calculations were 
performed with the Gaussian16 program package,16 CC217 calculations with the resolution of 
the identity approximation18 were performed with the TURBOMOLE (V7.2) package.19 
DLPNO-CCSD(T)20 calculations were performed with the ORCA (4.1.1) package.21-22 
CASSCF23-28 and MS-CASPT229-30 calculations were performed on the OpenMolcas 
software.31 All calculations employed the Dunning’s aug-cc-pVDZ basis set.32-33 The active 
space for both protomers included the full  system (five occupied  orbitals and five 
unoccupied * orbitals) as well as an occupied n orbital creating a (12,11) active space (see 
Figure S7). Vibronic Frank Condon simulations were calculated with PGOPHER34 7.1 using 
CASSCF geometries and normal modes with a 0.9 scaling factor at 300 K. 
 
An imaginary level-shift of 0.2 au was employed for CASPT2 calculations to avoid the 
effects of intruder states. The core orbitals were frozen. CASSCF was used to initially 
optimise structures using a state averaged wave-function and this was used as the reference 
for subsequent CASPT2 calculations. CASPT2//CASSCF therefore corresponds to CASSCF 
geometries and frequencies with CASPT2 energies. All calculations were undertaken on the 









SI.2 FAIMS Ionograms spectra with varying dispersion voltages  
 
 
Figure S1: Change in FAIMS ionogram following QZH+ (m/z 131) with changing dispersion 
voltage. 
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SI.3 Photodissociation Mass Spectra 
 
 
Figure S2: Photodissociation mass spectra of QZH+ at 360 nm (A and B) and 230 nm (C and 
D) where blue traces (top) correspond to –3 V compensation voltage (assigned as the 
1QZH+protomer) and green traces (bottom) –8 V compensation voltage (assigned as 3QZH+ 
protomer). The branching ratio of photoproducts (m/z 51: m/z 77: m/z 104) is 0.0:1.0:1.0 for 
1QZH+ and 0.0:1.0:4.0 for 3QZH+ at 360 nm and 0.15:1.0:62.0 (1QZH+) and 0.3:1.0:48.0 
(3QZH+) at 230 nm. 
 
Single photon energy PD mass spectra of FAIMS separated QZH+ protomers acquired at PD 
wavelength 360 nm are shown in Figure S2 with CV values –3 V (A) and –8 V (B) and also at 
230 nm with CV values –3 V (C) and –8 CV (D). These wavelengths correspond to excitation 
of QZH+ to the La (S1) state and Bb (S5) state, respectively.  Following irradiation at 360 nm, 
both QZH+ protomers form product ions at m/z 104 and m/z 77 with the ion at m/z 95 assigned 
as subsequent H2O addition (+18 Da) to the m/z 77 product ion. These product ions are also 
observed at 230 nm (Figures S2C and S2D) and one additional peak (m/z 51) is present but due 
 8 
to low ion signal, this product ion is not assigned. Figure S3 shows the energies of likely 
products including the low energy products benzonitrileH+ (m/z 104) + HCN and phenylium 
(m/z 77) + NC-CH=NH. Attempts to spectroscopically characterise the m/z 104 fragment from 
QZH+ ions compared to an authentic sample of protonated benzonitrile (m/z 104) were 
inconclusive (see Figure S4). At 230 nm, both protomers have similar m/z 104 and m/z 77 
product ion intensities. However, at 360 nm, m/z 104 is the dominant photoproduct for 




























Figure S3: Photoproduct energies of most stable plausible m/z 104 and m/z 77 fragments. 
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geometries and zero-point energy correction. Fragments shown in grey form hydrogen 
isocyanide. S1 and S5 photon energies (orange band) shown are origin energies for 3QZH
+, 




Energies of possible photoproduct structures relative to the QZH+ protomers are shown in 
Figure S3 as calculated with DLPNO-CCSD(T)/aug-cc-pVDZ using MP2/aug-cc-pVDZ 
geometries and frequencies (Figure S3). These energies are compared with the energy of a 
single photon sufficient to access the La state of 3QZH
+ (26,900 cm-1), the Bb state (41,600 
cm-1). If the energy of the neutral fragment and product ion is less that of a photon, then that 
product-fragment combination can plausibly be accessed with that photon type, however, 
entropic factors and barriers on the potential energy surface may block the pathways to low 
energy products. Formation of the m/z 104 photoproduct requires the dissociation of a 27 Da 
neutral fragment. This is assigned as either hydrogen cyanide (HCN) or hydrogen isocyanide 
(HNC). DLPNO-CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ calculates HCN to be 4,998 
cm-1 more energetically favoured than HNC. Formation of the m/z 77 photoproduct requires 
dissociation of either two 27 Da neutral fragments, or one 54 Da neutral fragment. The most 
energetically stable neutral loss is calculated to be NCCHNH followed by 2HCN. The lowest 
energy structure after loss of HCN (hydrogen cyanide) from QZH+ is protonated benzonitrile, 
followed by benzo-isonitrile. Both benzonitrile and benzo-isonitrile are lower in energy than 
the band origin of the 1La ← 
1A1 transition (to S1) which is experimentally measured as 
26,900 cm-1; hence, formation of either product ion could be accessible with one photon. The 
relative energy of HNC (hydrogen isocyanide) with benzonitrile or benzo-isonitrile is lower 
than that of one 26,900 cm-1 photon and could also be accessible. As the energy increases 





Figure S4: (A) PD action scan of the photo-product m/z 104 formed from PD of QZH+ 
protomers using 266 nm light. (B) PD action spectra of protonated benzonitrile. (C-F) EOM-
CCSD/aug-cc-pVDZ vertical excitation energy calculations of the four lowest energy possible 
structures of the m/z 104 photo-product. The difference between the sum of the photo-product 
and HCN above QZH+ is shown in eV under each structure as calculated with DLPNO-
CCSD(T)/aug-cc-pVDZ using MP2/aug-cc-pVDZ structures and frequencies. 
 
Figures S4 A and S4 B show PD action spectra taken of protonated benzonitrile from an 
authentic sample compared with the m/z 104 fragment formed by photo-dissociating a co-
population of QZH+ protomers. Both protonated benzonitrile and the m/z 104 product formed 
from QZH+ both have a strong transition around 5.0 eV as well as a minor transition around 
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4.2 eV. Based on vertical transition energies for the three other lowest energy structures of m/z 
104 (Figures S4 D-F as calculated with EOM-CCSD/aug-cc-pVDZ) and the broad spectra in 
Figure S4 A and B, populations of these fragments cannot be ruled out. Protonated benzo-
isonitrile (Figure S4 D) and the three-membered ring containing structure in Figure S4 E both 





SI.5 QZH+ action spectrum without FAIMS separation 
 
Figure S5: PD action spectra of QZH+ without FAIMS separation (both protomers present). 






SI.6 Assignments of Transitions and Orbital Analysis 
 
 
SI.6.1 CAM-B3LYP Orbitals 
 
 








Table S1: Calculated vertical transition energies with key orbital contributions of 3QZH+ 
using CAM-B3LYP. H = HOMO, L = LUMO. 
3QZH+ 
Transition 














S1 (1La) 30993 0.040 
L (*) ← H () 
L+1 (*) ← H-1 () 
97 
2 
S2 36433 0.0010 L (*) ← H-2 (n) 97 
S3 (1Lb) 37699 0.016 
L (*) ← H-1 () 
L+1 (*) ← H () 
56 
41 
S4 42169 0.0016 L+1 (*) ← H-2 (n) 95 
S5 (1Bb) 46596 0.69 
L (*) ← H-1 () 
L+1 (*) ← H () 
L+1 (*) ← H-1 () 
L+2 (*) ← H () 







Table S2: Calculated vertical transition energies with key orbital contributions of 1QZH+ 
using CAM-B3LYP. H = HOMO, L = LUMO. 
1QZH+ 
Transition from 













S1 (1La) 32942 0.028 L (*) ← H () 89 
S2 33261 0.0002 
L (*) ← H-2 (n) 
L+2 (*) ← H-2 (n) 
95 
3 
S3 (1Lb) 37598 0.078 
L (*) ← H-1 () 
L+1 (*) ← H () 
72 
25 
S4 46300 0.0036 
L+1 (*) ← H-2 (n) 
L+10 (*) ← H-2 (n) 
92 
4 
S5 (1Bb) 47447 0.63 
L (*) ← H-1 () 
L+1 (*) ← H () 
L+2 (*) ← H-1 () 

























SI.6.3 Transition Dipoles 
 
 
Figure S8: Transition dipole moments for the three lowest 1* transitions of QZH+ protomers 














Figure S9: Laser power dependence of QZH+ at 303 nm (A) without FAIMS, (B) with -3 V 
compensation voltage, (C) with -8 V compensation voltage and at 240 nm (D) without FAIMS, 
(C) with -3 V compensation voltage, (D) with -8 V compensation voltage. Circles correspond 
to photoproduct signal of the m/z 104 photoproduct. Triangles correspond to photoproduct 
signal of the m/z 77 photoproduct. Light blue, light green and orange are fits of eq. 1 to data 
following formation of the m/z 77 photoproduct. Dark blue, dark green and red lines are fits of 
eq. 1 to data following formation of the m/z 104 photoproduct.  
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As laser power intensity (I) increases, the absorption (A) of an ion population will increase 
according to the relationship:39 
  (Equation 1) 
where n values are the single photon absorption cross section (1), two photon absorption 
cross section (2), and so on. Fitting the data in equation 9 is fit with a function according to 
equation (2): 
    (Equation 2) 




SI.8 Action Spectra with Vibronic Assignments 
 
 
Figure S10: 1La region of QZH
+ including assignments of vibrational quanta. PD action spectra 
of (A) -8 V and (C) -3 V following the formation of m/z 104 (shown in (A) dark green and (C) 
dark blue) and m/z 77 (shown in (A) light green and (C) light blue). Franck-Condon simulations 
of vibronic transitions for (B) 3QZH+ and (D) 1QZH+. Calculations were performed using 
CASSCF(12,11) and vibrations are offset by a scaling factor of 0.90. Transitions are fit with 




Figure S11: 1Bb region of QZH
+ including assignments of vibrational quanta. PD action spectra 
of (A) -8 V and (C) -3 V following the formation of m/z 104 (shown in (A) dark green and (C) 
dark blue) and m/z 77 (shown in (A) light green and (C) light blue). Franck-Condon simulations 
of vibronic transitions for (B) 3QZH+ and (D) 1QZH+. Calculations were performed using 
CASSCF(12,11) and vibrations are offset by a scaling factor of 0.90. Transitions were fitted 




Figure S12: Schematic illustration of the optically active vibrational modes of QZH+ protomers 





















Figure S13: (A and E) CAM-B3LYP, (B and F) CC2, (C and G) CASSCF, and (D and H) 
MS-CASPT2 energies along the (left) CAM-B3LYP La imaginary frequency and along the 
(right) analogous out of plane vibration as calculated with CASSCF(12,11). 
 
While CASSCF optimised to a planar Cs geometry, CAM-B3LYP optimised the 
1La state of 
1QZH+ to a geometry with an imaginary frequency (see Figure S13). The imaginary frequency 
(i150 cm-1) corresponds to a buckling of the C2 carbon and N3 nitrogen out of plane, breaking 











































































































































































subsequent optimisations after slightly deforming the geometry along the coordinate of the 
negative frequency led to mixing between the state of interest a nearby 1n* dark state. Despite 
the discrepancy between methods concerning whether the 1La excited state of 1QZH
+ is a 
minimum (see Figure S13), the ZPE corrected 0-0 transition energies using Cs geometries 
provided excellent agreement to the experimental results in all cases (see Table 1 in main text) 
and there does not appear to be enough vibronic detail in the spectrum for an excited state 
double minimum to be observed experimentally. Besides, the Franck-Condon simulations in 
Figure S10 maintain the planar Cs symmetry and reproduce the experimental vibronic structure 
very well. Optimisations of the 1La state of 3QZH
+ using CASSCF and CAM-B3LYP 
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